Introduction
M;IIIY aspects of the signalling system that links the insulin receptor to the wide range of intracellular effects of insulin remain rather poorly understood. Originally, it appeared that a common feature of the intracellular effects might be the dephosphorylation of regulatory enzymes in metabolism. such as glycogen synthase, pyruvate dehydrogenase and triglyceride lipase, brought about by the activation of either appropriate protein phosphatase activities or cyclic-AMP phosphodiesterase activity I 1 ~ 2). It has been proposed that small-molecular-weight mediators such as phosphoinositol glycans may be involved [ 3, 1 I but doubts remain concerning the extent t o which such compounds play a central second-messenger role in insulin action [ 2, 5 I.
hloreover, it has become increasingly evident that insulin also causes the increased phosphorylation of many proteins in cells including the ribosomal protein Sh, acetyl-CoA carboxylase and ATP-citrate Iyase I 1 ~ 2 I. Several laboratories have also demonstrated that exposure of cells to insulin results in the activation of many distinct intracellular protein kinases. Thus, it has been proposed that protein serine kinases. perhaps arranged in a cascade initiated by the activated tyrosine kinase activity of the insulin receptor itself, may play a central role in the insulin signalling system [ l , 2, 6, 71 (Fig. 1) .
Indeed, it is possible that all the decreases in protein i\bbreviations used: Cl 1 0 q Chinese hamster ovary; MAI' kin;ise. mitogcn-;icti\,uted protein kinase. phosphorylation are in fact secondary to a primary activation of protein kinases causing increases in the activity of cyclic-AMP phosphodiesterase [8, 91 or protein phosphatases [ 101, or the inhibition of specific protein kinases. Most likely, a combination of all three mechanisms is involved.
In this article, me focus on two areas of our research into insulin action which have a bearing on this topic. The first is the effects of insulin on the phosphorylation of the insulin receptor in different cell types. It is generally agreed that the first event in insulin signalling is the activation of the intrinsic tyrosine kinase activity of the /3-subunits, which results in the autophosphorylation of multiple tyrosines in these subunits, as well as increased phosphorylation of a number of intracellular proteins of which the most prominent (pp185) may act as a link to other intracellular proteins involved in insulin action [ l l J. However, it is not clear how increased tyrosine kinase activity of the insulin receptor may bring about the activation of the intracellular protein kinases which are largely specific for serine/threonine residues. In this context, it is of considerable interest that substantial increases in serine and threonine phosphorylation of the insulin receptor can be observed following addition of insulin to certain cells since the protein kinases involved may also be important early components of protein kinase cascades. The second area that we will focus on is the characterization of and interrelations between the various insulin-activated serinelthreonine kinases in the cytoplasm of cells, -659
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Studies on the phosphorylation of the insulin receptor in various cell types
Two-dimensional thin-layer mapping of radiolabelled phosphopeptides has proved to be a powerful technique for studying the phosphoryla- One important similarity is that, in both cases, insulin stimulates a marked increase in the phosphorylation of the three tyrosines in the kinase domain (corresponding to Tyr-1158, -1162 and -1163 of the human receptor and giving rise to phosphopeptides Al, A2, H2, H3 and C1) although it is noticeable that a larger proportion of the rat liver receptors become phosphorylated on all three tyrosines in this domain (peptides A1 and A2). However, there are other more marked differences such as the complete lack of phosphorylation of the two tyrosines (1328 and 1334) near the C-terminus of the liver receptor. Most relevant in the context of this article are the substantial differences in the patterns of phosphoserine-and phosphothreoninecontaining peptides. In the transfected COS cells, there is very little evidence of such peptides from receptors extracted from cells incubated in the absence of insulin. Hy contrast, in the presence of insulin there are increases in the phosphorylation of at least five phosphoserine-containing peptides (peptides S 1-5) and one phosphothreonine-containing peptide (peptide T) ( insulin-stimulated serine phosphorylation is still apparent albeit reduced in magnitude [22] . This observation suggests that distinct signalling pathways are involved in bringing about the increased phosphorylation of these sites in cells. Second, in hIKACT69 cells which express human insulin receptors with a 60-amino-acid deletion from the C-terminus of the P-subunit there is little or no difference in insulin-stimulated phosphorylation of not only Tyr-1158, -1162 and -1163 but also of the major phosphoserine-containing peptides (S 1 and S2), which are retained in this mutant. As expected, phosphopeptides corresponding to Tyr-1 328 and -1334, Ser-1305/1306 and Thr-1348 were not present as these sites are in the deleted portion of the receptor (J. M. Tavari et al., unpublished work).
Overall, it is evident from the above studies that the insulin receptor can probably be phosphorylated within cells by a number of different serine/threonine protein kinases, some of which may play an important role in intracellular signalling. Almost certainly, complex inter-relationships exist between the changes in tyrosine and serine/ threonine phosphorylation of the receptor. 'I'he marked differences in patterns of phosphorylation observed in the receptors of transfected COS or CHO cells and fresh rat liver cells are presumably a reflection of the different amounts or activities of the receptor, protein kinases and protein phosphatases present in the two cell types. The amino acid sequences of the rat and human receptors are nearly identical.
Studies on insulin-activated serine/ threonine kinases in fat and CHO cells
The number of insulin-activated cytoplasmic serinelthreonine kinases that have been reported is increasing rapidly (Table 1 Insulin increases the activity of acetyl-CoA carboxylase in fat cells by about twofold apparently because a greater proportion of the enzyme is in a citrate-insensitive polymerized form 1251. This is associated with an increased phosphorylation of the enzyme on at least two serine residues [2S-271.
One site is Ser-21 which in vitro can be phosphorylated by casein kinase 2, but phosphorylation of this site does not appear to result in any change in the activity of the enzyme [26, 271. The other Moreover, casein kinase 2 phosphorylates the protein on both serine and threonine residues which, on the basis of two-dimensional thin-layer analysis, appear to correspond at least in part to the sites exhibiting increased phosphorylation in insulin- Mono-Q chromatography of fat-cell extracts separ;ites two insulin-activ;ited Al'P-citrate lyase kinases. T h e first, eluted at 0.25 \I NaCI, is activated about 1.5-2-fold by insulin, also phosphorylates Kemptide and appears t o correspond to the kinase first reported by Y u et al. [ 3 1 1. T h e second is eluted at 0.08 \i NaCl and its activity is increased more than fivefold following insulin treatment (C.
unpublished work). The physiological importance of these kinases is ;I mystery as phosphorylation of A'I'P-citrate lyase has little effect on its catalytic activity and in the case of the latter kinase the serine phosphorylated is distinct from the major site of phosphorylation in insulin-treated cells.
W e have also used hlono-Q chromatography t o examine the effects of insulin on the activity of Studies into the identity, nature and mechanism of activation by insulin of IRSK, together with investigations into the location of sites of insulin-stimulated serine/threonine phosphorylation in the insulin receptor, are described in the first part of this article. The second part of this article is concerned with the characterization of protein-tyrosine phosphatases (PTPases) active against the insulin receptor, and in particular the use of P'I'Pases to probe the role of the various tyrosine autophosphorylation sites in the regulation of insulin receptor tyrosine kinase activity.
Insulin-stimulated insulin receptor serine kinase
At the time of the initiation of the IKSK project there was a dearth of in vitro systems that showed a high activity of the IRSK. Thus, although the insulin receptor underwent significant insulin-stimulated tyrosine and serine phosphorylation in intact cells, at that time most preparations of partially purified or purified insulin receptor described in the literature exhibited only insulin-stimulated tyrosine phosphorylation. This inhibited study of the IRSK. Thus the initial objective was to obtain a system in which a high activity of the IRSK could be demonstrated reproducibly. This was achieved by partially
